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Capasso G, Rizzo M, Garavaglia ML, Trepiccione F, Zacchia 
M, Mugione A, Ferrari P, Paulmichl M, Lang F, Loffing J, Carrel 
M, Damiano S, Wagner CA, Bianchi G, Meyer G. Upregulation of 
apical sodium-chloride cotransporter and basolateral chloride chan- 
nels is responsible for the maintenance of salt-sensitive hypertension. 
Am J Physiol Renal Physiol 295: F556-F567. 2008. First published 
May 14, 2008; doi:10.1152/ajprenal.00340.2007.— We investigated 
which of the NaCl transporters are involved in the maintenance of 
salt-sensitive hypertension. Milan hypertensive (MHS) rats were stud- 
ied 3 mo after birth. In MHS, compared with normotensive strain 
(MNS), mRNA abundance, quantified by competitive PCR on isolated 
tubules, was unchanged, both for Na + /H + isoform 3 (NHE3) and 
Na + -K + -2Cr (NKCC2), but higher (119%, n = 5, P < 0.005) for 
Na + -Cr (NCC) in distal convoluted tubules (DCT). These results 
were confirmed by Western blots, which revealed: 1) unchanged 
NHE3 in the cortex and NKCC2 in the outer medulla; 2) a significant 
increase (52%, n = 6, P < 0.001) of NCC in the cortex; 3) a- and 
P-sodium channels [epithelial Na + channel (LNaC)J nnalfected in 
renal cortex and slightly reduced in the outer medulla, while 7-ENaC 
remained unchanged. Pendrin protein expression was unaffected. The 
role of NCC was reinforced by immunocytochemical studies showing 
increased NCC on the apical membrane of DCT cells of MHS 
animals, and by clearance experiments demonstrating a larger sensi- 
tivity (P < 0.001) to bendroflumethiazide in MHS rats. Kidney- 
specific chloride channels (C1C-K) were studied by Western blot 
experiments on renal cortex and by patch-clamp studies on primary 
culture of DCT dissected from MNS and MHS animals. Electrophys- 
iological characteristics of C1C-K channels were unchanged in MHS 
rats, but the number of active channels in a patch was 0.60 ± 0.21 
(n = 35) in MNS rats and 2.17 ± 0.59 (n = 23) in MHS rats (P < 
0.05). The data indicate that, in salt-sensitive hypertension, there is a 
strong upregulation, both of NCC and C1C-K along the DCT, which 
explains the persistence of hypertension. 

type 3 sodium/hydrogen exchanger; sodium-potassium 2 chloride 
colransporler: sodium-chloride cotransporter; epithelial sodium chan- 
nel; kidney-specific chloride channel; pendrin; aldosterone 

hypertension is the most important risk factor for diseases of 
several organs, including heart, brain, and kidney. Despite the 
impressive number of studies, the etiology of hypertension is 
still incompletely understood. However, in recent years, it has 
become increasingly clear that the kidney may play an impor- 
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tant role in both the induction and maintenance of salt-sensili vc 
hypertension. Accordingly, hypertension can be induced by 
transplanting kidneys from genetically hypertensive rats into 
normotensive control rats (5). More importantly, mutations of 
genes, encoding proteins expressed in the kidney and involved 
in tubular ion transport, are associated with modifications of 
systemic blood pressure. For instance, loss of function muta- 
tions of ion transport molecules lead to Baffler's or Gitclman's 
syndrome (37), characterized by urinary sodium and chloride 
loss, resulting in orthostatic hypotension. In contrast, gain of 
function mutations of amiloride-sensitive sodium channels 
causes Liddle's syndrome, which is phenotypically character- 
ized by systemic hypertension (39). Finally, mutations in the 
WNK1 and WNK4 genes, two members of the WNK family, 
are linked to pseudohypoaldosteronism type II (PHA II; also 
known as familial hyperkalemic hypertension or Gordon's 
syndrome), which is characterized by a thiazide-sensitive hy- 
pertension and hyperkalemia (28). 

Studies in animal models for genetic hypertension have also 
highlighted the importance of the kidney in the development 
and maintenance of hypertension (10). In particular, in the rat 
Milan hypertensive strain (MHS), hypertension develops be- 
cause of a primary alteration in renal tubular Na + reabsorption 
(4), linked to increased activity and expression of Na + -K + - 
ATPase (31), eventually induced by point mutations of adducin 
(42), a cytoskeletal protein involved in actin polymerization 
and cell signal transduction (20). Recently, it has been dem- 
onstrated that, in these strains of rats, there is a deficient 
endocytosis of the sodium pump that, by affecting the time that 
this molecule resides in the plasma membrane, may be an 
important contributing factor for the increased capacity of the 
renal tubule cells to reabsorb sodium (13). Therefore, the 
importance of the Na + -K + -ATPase in the pathogenesis of 
hypertension is fully established (3). 

However, while in these strains of rats the exit step has been 
very well investigated, the entry of Na + into the cell across the 
luminal membrane of renal tubules (a prerequisite for active 
iransepithelial Na + reabsorption) has not been adequately 
addressed. Recently, we have demonstrated that Na + entry is 
increased during the induction phase of hypertension in young 
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MRS animals, paralleled by an upregulation of the Na + -K 1 - 
2C1 cotransporter (NKCC2) at the level of the thick ascend- 
ing limb (TAL) (9). 

Here we set out to study the mechanisms involved in 
maintaining hypertension in these rats after adolescence. To 
this end, we examined at the transcriptional and translational 
levels the most important apical membrane transporters ex- 
pressed in the various tubular segments of the nephron, i.e., the 
type 3 sodium/hydrogen exchanger (NHE3) in the proximal 
tubule (PT), the bumetanide-sensitive NKCC2 in the TAL of 
Henle's loop, the thiazide-sensitive sodium-chloride cotrans- 
porter (NCC) in the distal convoluted tubule (DCT), the epi- 
thelial Na A channel (ENaC) in the connecting tubule (CNT) 
through the cortical collecting duct (CCD), and the chloride/ 
bicarbonate exchanger, pendrin. With respect to the last trans- 
porter, in the kidney it has been localized in the intercalated 
cell type B, and in intercalated cell type non-A-non-B of CCD 
and CN T (45). Recently, it has been hypothesized that this new 
pathway for transcellular chloride absorption may be impli- 
cated also in the control of electrolyte homeostasis and even- 
tually blood pressure. These reports prompt us to investigate 
the role of pendrin in the Milan hypertensive model of hyper- 
tension (45). Finally, since NCC and ENaC have been shown to 
be sensitive to the effect of aldosterone (24, 30), we have also 
measured the plasma level of this hormone. 

We present data demonstrating that the NCC gene transcript, 
measured in DCT, and the related protein abundance, also at 
the level of apical membrane, are significantly increased in 
MHS. These changes are confirmed by a larger sensitivity to 
bendroflumethiazide (BTZ) in the same animals. Since at this 
level the basolateral exit step for chloride is presumed to occur 
via kidney-specific chloride channels (C1C-K), we measured 
the abundance and the activity of C1C-K in renal cortex and in 
primary culture of DCT isolated from MNS and MHS animals. 
The Western blot experiments and the patch-clamp studies 
showed increased C1C-K density, without any appreciable 
alteration of biophysical channel characteristics. 

These results suggest that the expression and activity of both 
the apical (NCC) transporters and basolateral (C1C-K) channels 
expressed in DCT of MHS animals are upregulated, thus 
identifying this segment as the site of increased sodium chlo- 
ride reabsorption and explaining the salt sensitivity of this form 
of hypertension. This hypothesis is further confirmed by the 
data showing that the two other apical transporters expressed 
downstream to the DCT, i.e., the ENaC and pendrin, are 
downregulaled or unaffected, respectively, in MHS animals. 

METHODS 

The experiments were performed on MHS and Milan normotensive 
strain (MNS) of rats (generously provided by Prassis Research Insti- 
tute), aged 85-87 days, and maintained on a standard diet containing 
0.5% NaCl. All animal studies were according to animal welfare laws. 
All the investigations involving animals were conducted in confor- 
mity with the (lidding Principles in die Care and Use of Laboratory 
Animals of the American Physiological Society and were approved by 
the Ethical Committee of the Second University of Naples. 

Tubule microdissection. After anesthesia (Ketamin 60 mg/kg body 
wt plus xylazine 10 mg/kg), the left kidney was removed and washed 
in ice-cold dissection solution containing the following (in mM): 137 
NaCl, 5.4 KC1, 25 NaHCOJ, 0.3 Na 2 HP0 4 , 0.4 KLLP0 4 , 0.5 MgCL. 
10 HEPES, 5 glucose, and 1 glycine. PT and medullary TALs were 
isolated according to the method described earlier by Schafer et al. 



(36). Small pieces of renal cortex (for PT) and inner stripe of outer 
medulla (for TAL) were cut under the stereomicroscope and incubated 
for 30 min at 37°C in the microdissection solution containing 0.5 
mg/ml collagenase, continuously bubbled with 95 c /c G 2 -5% C(K 
After the digestion, the tissues were washed with ice-cold collage- 
nase-free dissection solution, containing 1 g/1 albumin. PTs were 
isolated free hand from renal cortex under the stereomicroscope. 
TALs were separated from other cells and fragments by filtering the 
supernatant through an 80-pm opening nylon mesh (Millipore). For 
the distal tubules (DT), the starting material was a small piece of renal 
cortex; the tubules were identified and dissected under scope. 

Whole kidney clearance. The rats were anesthetized with an intra- 
peritoneal injection of Inactin, 120 mg/kg body wt, tracheostomized, 
placed on a thermo -regulated table (37°C), and prepared for renal 
clearance evaluation. In brief, the right carotid artery was catheten/ed 
to monitor blood pressure through a blood pressure recorder (BP1 by 
WPI) and to take blood samples for inulin concentration measure- 
ments. The left jugular vein was cannulated with polyethylene PE-50 
tubing and used for intravenous infusion via a syringe pump (Braun. 
Melsungen) of 0.74 mg-100 g body wt _1 *min inulin -1 . To prevent 
dehydration, the perfusion pump was adjusted to deliver 3.8 ml/h of 
saline solution. The surgical procedure also included bladder cathe- 
terization with PE-50 tubing. After a 60-min equilibration period, the 
first of seven 30-min urine collections began. After two control 
clearances, BTZ (200 pg dissolved in 200 jjlI saline) was injected 
intravenously as a bolus. Arterial blood samples (100 pi) were taken 
at the start and end of each collection period. Inulin concentrations in 
plasma and urine were measured by colorimetric method, while Na + 
and Cl~ were measured by an electrolyte analyzer (Nova Biomedi- 
cal). Glomerular filtration rate (GFR) was calculated using standard 
clearance formulae. 

Molecular biology experiments. The mRNA abundance of the 
various transport proteins was performed as previously reported (9). 
In short, total RNA (0.5-2 pg) was purified from isolated tubules. 
After isolation, the tubules were transferred into 350 pi of lysis buffer 
containing guanidinium isothioeyanate and fj-mercaptoethanol. The 
lysate material was loaded on a silica gel membrane (Qiagen) that was 
washed three times. The concentration and purity of RNA were 
determined by measuring its absorbance at 260 and 280 nm using a 
GeneQuant RNA/DNA calculator (Pharmacia Biotechnology). 

For the reverse transcription, cDNA was synthesized from equal 
amounts of total RNA (100-200 ng) using the following: 200 units 
murine leukemia virus reverse transcriptase (GIBCO BRL); 0.5 pg of 
oligo(dT) 12 -i8 (GIBCO, BRL); 10 mM dithiothreitol; and 2.5 mM 
dNTP (Pharmacia) in a total volume of 20 pi. 

PCR reactions were performed in a total volume of 50 pi in the 
presence of the following: 10 pmol of each oligonucleotide primer, 
200 pM dNTP solution, 5 pi of 10 X PCR buffer, 1.5 mM MgCl 2 , and 
1.25 units Taq polymerase. For NHE3, the following primers were 
used: 5' ACCACGTCCAGGATCCATACA 3' (sense) and 5' CAC- 
GAAGAAGGACACTATGCC 3' (antisense). For NKCC2, the se- 
quence of primer sense was 5' GGCCTCATATGCG CTTATTA 3', 
whereas the antisense was 5' AGTGTTTGGCTTCATTCTCC 3'. 
Finally for NCC, a PCR product of 550 bp was obtained using the 
following primers: 5' AAGTCGGGTGGTACCTATTT 3' (sense) and 
5' CAGAAAATGGCCATGAGTGT 3' (antisense). Samples were 
denatured at 95°C for 3 min, followed by 33 cycles consisting of 
denaturing at 95°C (1 min), annealing at 65, 60, and 58°C (30 s) for 
NHE3, NKCC2, and NCC, respectively, and extension at 72°C 
(1 min). 

The cDNA, synthesized as described before, was utilized for the 
internal standard synthesis. For the NHE3 internal standard, the NHE3 
sense primer and the NHE3 linker antisense primer (5' GGACAC- 
TATGCCGTCACCGCGTCATTAA 3') were used. The PCR product 
was reamplified utilizing the NHE3 sense and antisense primers. For 
NKCC2 internal standard synthesis, NKCC2 sense primer and a linker 
antisense primer (5' GCTTCATTCTCCTGTTCTTCATCAGCC 3') 
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were utilized. A second amplification was performed using the normal 
NKCC2 sense and antisense primers. For the synthesis of NCC 
internal standard, the cDNA was amplified using the following prim- 
ers: NCC sense primer and 5' GCCATGAGTGTTGGAGAACATC- 
CCGAAGAA 3' (linker antisense). The PCR product was reamplified 
utilizing the sense and antisense NCC primers. 

For each mRNA quantification, competitive PCR reactions were 
performed using as templates the cDNA obtained from total RNA, 
extracted from the various tubular segments, and the corresponding 
internal standards. Five to eight competitive PCRs were performed 
by addition of decreasing amounts of the competitive template 
(internal standard) to replicate reactions containing identical 
amounts of cDNA. A progressive decrease of the competitive 
template PCR product corresponds to a progressive increase of the 
wild-type template PCR product. Results are expressed per nano- 
gram (ng) of total RNA. 

Western blot analysis of NHE3, NKCC2, NCC, ENaC submits, 
CIC-K. and pendrin. 'Thin pieces (100-200 mg) of renal cortex (for 
NHE3, NCC, ENaC subunits, CIC-K, and pendrin) and of inner stripe 
of outer medulla (for NKCC2 and ENaC subunits) were frozen at 
-80°C and then disrupted with a potter homogenizer at 4°C in 
membrane buffer (150 rriM NaCl, 50 mM Tris-HCl, 5 mM EDTA + 
10% SDS) containing the following (in ixg/ml): 50 4-(2-aminoethyl)- 
benzenesulfonyl fluoride, 2 leupeptin, and 2 aprotinin. After the 
centrifugation at 10,000 g for 15 min at 4°C, the protein concentration 
of the supernatant was determined by Bradford assay. 

To evaluate the abundance of NHE3, NKCC2, NCC, ENaC sub- 
units, CIC-K. and pendrin, 30 [xg of proteins were diluted in 5X 
loading buffer (10 g/1 SDS, 10% glycerol, 1% 2-mercaptoethanol, 5 
mM Tris-HCl, pH 6.8), boiled for 5 min, and separated on two 8% 
SDS-PAGE. After electrophoresis, the first gel was stained with 
Coomassie blue, and the second gel was submitted to electroblotting 
to transfer the proteins onto a polyvinylidene difluoride membrane 
that was washed with phosphate -buffered saline (PBS). After the 
wash, the membrane was incubated with blocking buffer (2 g/1 high 
purified casein, 1 g/1 Tween 20 in PBS) for 1 h and then probed for 1 h 
with the antibody. Secondary goat anti-rabbit IgG + IgM alkaline 
phosphatase conjugate w as diluted 1:5.000 in 5 ml of blocking buffer 
and added for 1 h, after two washes in 20 ml of blocking buffer. The 
last washing was performed three times with 20 ml of blocking buffer, 
and finally detection was obtained with a CSPD chemiluminescent 
substrate (Tropix, Bedford, MA). To test for equal loading of proteins 
(30 jig), anti-|3-actin antibody (Sigma Aldrich) diluted 1:1,000 or 
0.5% Ponceau S in acetic acid were used. NHE3, NKCC2, NCC, 
a-ENaC, B-ENaC, 7-ENaC, CIC-K, pendrin, and fi-actin abundances 
in the various nephron segments of MNS and MHS rats were quan- 
tified by densitometric analysis. Results are expressed as optical 
density. 

Immunohistochemistry. Kidneys were fixed by vascular perfusion 
with 3% paraformaldehyde in 0.1 M phosphate buffer. After freezing 
in liquid propane, kidneys were sectioned in a cryostat. Five-mi- 
crometer-thick cryosections were incubated with affinity-purified rab- 
bit anti-NCC antibody (1:12,000) (27) overnight at 4°C Binding sites 
of the primary antibody were revealed with a Cy3-conjugated goat- 
anti-rabbit antiserum (1:1,000; Jackson Immuno Research Laborato- 
ries. West Grove. PA). 1 Juorescent images were acquired with a Leica 
DFC490 charged-coupled device camera attached to a Leica DM 6000 
fluorescence microscope (Leica, Wetzlar. ( ionnany 1 using corre- 
sponding camera parameters for kidneys from normo- and hyperten- 
sive rats. We are well aware that immunohistochemistry is not a good 
method to assess protein abundance. By no means is this method 
quantitative. However, it may nicely confirm the more quantitative 
immunoblotting data and may give additional information about axial 
differences along the nephron and about the subcellular distribution. 

Antibodies. We used previously well-characterized rabbit poly- 
clonal antibodies (dilution used in parentheses) to the following 
proteins: NHE3 (1:5,000), NKCC2 (1:1,000), and NCC (1:1,000). 



They were provided by Orson Moe (1), Steve Hebert (23), and David 
hllison (6). respectively. For a-HNaC (1:5.000). commercially avail- 
able polyclonal rabbit antibodies were used (Sigma-Aldrich, St. Louis, 
MO). B-- and 7-ENaC (1:5,000) antibodies were provided by Bernard 
Rossier (11). Antibodies against pendrin (1:5,000) were previously 
characterized (P. Hafner, R. Grimaldi, P. Capuano, G. Capasso, C. A. 
Wagner, unpublished observations). For CIC-K (1:200), commercially 
available antibodies were purchased from Alomone Antibodies 
(Israel) or Santa Cruz Biotechnology. 

Patch-damp, Western blol. and imnmocylochemical studies on 
primary culture of DCT. DCT tubules were isolated according to the 
Schafer method (36). Briefly, kidneys were removed from anesthe- 
tized rats and placed in ice-cold PBS. After renal capsule removal, 
sections of 1-mm thickness were cut from the cortical surface opposite 
to the hilus. Small cortical pieces were incubated in 2 ml of 0.1% 
(wt/vol) collagenase MEM solution at 37°C for 35 min. The super- 
natant was placed in a cold test tube, and the tubules were allowed to 
settle. The supernatant was removed and replaced with 2 ml of cold 
PBS containing 1% BSA. Sorting has been done by visual inspection 
using a stereomicroscope. Tubules were placed in multiwells in the 
presence of the following: RPMI-1640, 5% fetal bovine serum, 5 
|xg/ml transferrin, 5 |xg/ml insulin, 50 nM dexamethasone, 5 pM 
triiodothyronine, 100 U penicillin, and 0.1 mg/ml streptomicin. Cells, 
maintained in an incubator at 37°C at the presence of 95% air and 5% 
carbon dioxide, were allowed to grow for 4 days. After this period of 
time, cells had still not reached a confluent condition. DCT specificity 
of the cultured cells was assessed by immunocytochemical experi- 
ments, in which NCC expression was confirmed. The specificity of the 
immunocytochemical procedure was validated by negative controls 
on WI-26VA4 pulmonary cells (7). 

Patch-clamp experiments were performed as previously reported 
(32). The patch pipette resistance was 5-10 Mft, and seal resistance 
was 5-10 Gil. Potential differences are expressed as overall potential 
differences, considering the junction potential, the holding potential, 
and the cell membrane potential, measured to be about —35 mV 
(current clamp experiments). In cell-attached configuration, the bath 
solution was an HBSS solution. The micropipette solution (cell- 
attached and inside-out configurations) contained the following (in 
mM): 115 Af-methyl-D-glucamine chloride, 30 tetraethylammonium 
chloride, 2 CaCl 2 , 1 MgCl 2 , and 10 HEPES (pH 7.4). In inside-out 
configuration, the bath symmetric solution contained the following (in 
mM): 145 A'-methyl-D-glucamine chloride, 0.3 CaCl 2 , 3 EGTA, and 
10 HEPES (pH 7.4 or 6 as mentioned). Data analysis was performed 
by Bruxton Tac program. 

In the not confluent cultured cells, CIC-K, which are expressed 
only on the basolateral membrane in the intact epithelium, were 
delocalized on the whole cells surface, as yet observed for other ion 
channels of epithelial cells growing on plastic surface, allowing the 
feasibility of patch clamp experiments. The expression and localiza- 
tion of CIC-K has been verified by means of immunocytochemical 
experiments in which layers of cells (60-70% confluency) plated on 
glass coverslips were fixed with 4% paraformaldehyde and perme- 
abilized with 0.1% Triton X-100. Nonspecific binding was blocked 
with 5% BSA. Cells were then incubated at the presence of the 
anti-ClC-K (CLC-K, V-15) (Santa Cruz Biotechnology) primary an- 
tibody at room temperature for 1 h, followed by Cy2 anti-goat (1:400 
dilution, at room temperature for 1 h) secondary antibody incubation 
(Jackson Laboratories). Immunofluorescence experiments performed 
to detect NCC expression in DCT cells have been carried out as above 
using an anti-NCC antibody (kindly provided by D. Ellison) and a 
Cy2 anti-rabbit as secondary antibody. Both CIC-K and NCC images 
w ere acquired by using a confocal microscope Leica TCS SP2 AOBS 
(Leica Microsystem, Heidelberg, Germany) with UV lens FW lens 
X63 oil 405-nm objective. 

Western blot experiments were performed using three confluent 
layers of DCT cells from plates with a diameter of 6 cm. Total protein 
was extracted in lysis buffer (60 mM Tris-HCl, pH 6.8, 10% SDS, 15 
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mg/ml DTT, 0.2 mM protease inhibitor cocktail). Cells pelleted from 
three petri dishes (6 cm diameters) were resuspended in lysis buffer 
and sonicated for 10 min. Protein concentration was measured by the 
amido black method. After dilution of 25 |xg of proteins in diluted 5X 
loading buffer (0.3125 M Tris, pH 6.8, 10% SDS, 50% glycerol, 
0.005% bromophenol blue, 25% 2-mercaptoefhanol), proteins were 
resolved on a 10% SDS -poly acrylamide gel and electrophoretically 
transferred to Immuno-Blot polyvinylidene difluoride membranes, 
which were blocked with 5% nonfat dried milk in Tris-buffered saline 
(TBS)-Tween (150 mM Tris, pH 7.5, 150 mM NaCl, 0.1% Tween 20) 
and incubated overnight at 4°C at the presence of a polyclonal 
antibody against C1C-K (1:200) in TBS plus 5% nonfat dry milk. The 
bound antibody was detected by the enhanced chemiluminescence 
(Amersham) using horseradish peroxidase-conjugated anti-goat IgG 
diluted 1:5,000 in TBS plus 5% nonfat dried milk. Densitometry 
analysis was performed using ImagcJ (National Institutes of Health). 
Gel loading and transfer procedure were checked by observation of 
gel and membrane after exposition to Coomassie blue and amido 
black, in that order. 

Plasma aldosterone nu asurcmcnts. For aldosterone measurements, 
rats were anesthetized by ether, the abdomen was opened, and blood 
was drawn from the abdominal aorta. Blood collection was interrupted 
as soon as dyspnea appeared. Plasma aldosterone concentrations were 
determined using a commercially available radioimmunoassay kit 
(ALDOCTK-2 dia Sorin cod. P2714, Italy). 

Statistical analysis. All data are expressed as means ± SE. Statis- 
tical significance was analyzed by means of Prism software (Graph 



Pad) and was determined as P < 0.05 using Student's f-test, one-way 
or two-way ANOVA test, as indicated. 

RESULTS 

The table in Fig. 1 compiles the data on mean arterial blood 
pressure, GFR, electrolytes, and aldosterone plasma levels 
obtained in anesthetized rats. As expected, there was a signif- 
icant difference in systemic blood pressure and aldosterone 
plasma levels between the two strains of rats, thus confirming 
previous results (29). No changes were detected in renal 
hemodynamic (GFR) and electrolytes plasma levels. 

Figure 1, bottom, shows the effects of BTZ (200 |xg) on Na + 
and CP excretion in MNS and MHS animals. Na + excretion in 
MNS animals was 0.49 ± 0.01 |xmol/min (n = 5) under basal 
conditions and 4.16 ± 1.01 (jumol/min (n = 5) following BTZ 
administration (P < 0.05), whereas in MHS it was 0.78 ±0.17 
u.mol/min (n = 5) and 9.02 ±1.31 |xmol/min (n = 5) (P < 
0.005), respectively. With respect to CP excretion, in MNS 
rats it was 1 .72 ± 0.29 |xmol/min under basal condition and 
8.34 ± 0.96 |xmol/min after BTZ infusion (P < 0.005), 
whereas in MHS it was 1.79 ± 0.41 and 13.60 ± 1.03 
|xmol/min (P < 0.005), respectively. Therefore, in the first 30 
min after the administration. BTZ induced a larger excretion of 
Na + and CP in the hypertensive animals, thus demonstrating 



Parameter 


MNS 


MHS 


n 


11 


11 


Body weight (g) 


350 ±6 


364 ±5 


MBP (mmHg) 


139 ± 1.5 


167 ± 1.7*** 


GFR (ml. min" 1 . 100 g. b.w.) 


0.84 ± 0.04 


0.81 ± 0.04 


Plasma Na + (mMol) 


148.4 ± 1.2 


146.7 ± 1.3 


Plasma K + (mMol) 


4.02 ± 0.08 


3.89 ±0.14 


Aldosterone (ng.dl" 1 ) 


6.9 ±2.6 


39.7 ± 5.0 *** 



Sodium excretion Chloride excretion 




Basal BTZ Basal BTZ 



Fig. I . 't'op: table shows summar\ of baseline, hemod) namic. cleclroh tcs. and hormonal data in each group ol rats. MNS. Milan normolcnsi\c rats: MHS, Milan 
hypertensive rals: it. number of animals: Mill*, mean blood pressure: (ll'R. glomerular filtration rale. ***/> < 0.001 vs. MNS rats. Bottom: sodium (left) and 
chloride (right) excretion before and 30 min after intravenous infusion of bendroflumethiazide (BTZ) (200 jig). *P < 0.05, ***P < 0.005, ###P < 0.005 vs. 
the corresponding basal excretion. 
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lhat these animals arc more sensitive to thiazide diuretics. No 
change were found for blood hematocrit (data not shown), 
indicating that the acute diuretic administration did not induce 
extracellular volume contraction. 

mRNA and protein abundance ofNHE3, NKCC2, and NCC. 
Using the technique of competitive PCR, we examined 
whether NHE3 mRNA was different in the two strains of MNS 
and MHS rats. The quantification was performed on PT, and, 
for each experiment, the MNS and MHS kidneys were studied 
in parallel. As shown in Fig. 2, top, NHE3 mRNA abundance 
was not significantly different in PT of MNS rats (0.54 ±0.13 
fmol/ng total RNA, n = 10) compared with PT of MHS rats 
(0.51 ± 0.15 fmol/ng total RNA, n = 10). 

NHE3 protein abundance was determined by Western blot 
analysis. As shown in Fig. 2, middle, the antibody recognized 
a protein with a molecular mass between 66 and 116 kDa. 
Densitometric analysis (Fig. 2, bottom) demonstrates that 
NHF3 abundance, normalized for (3-actin, was similar in the 
two strains (MNS: 0.92 ± 0.06, n = 9; MHS: 0.96 ± 0.17, 
n = 9), thus confirming, at protein level, the data of the 
competitive PCR. 

NHE3 mRNA abundance was also measured in TAL. It was 
again similar in MNS (2.19 ± 0.23 fmol/ng total RNA, n = 10) 



as in MHS (1.80 ± 0.24 fmol/ng total RNA, n = 10). The same 
was found for NHE3 protein abundance, which, normalized for 
(3-actin, was 1.28 ± 0.22 in MNS (n = 5) and 1.36 ± 0.31 in 
MHS animals (n = 5). 

As shown in Fig. 2, top, NKCC2 mRNA abundance was not 
significantly different in TAL of MNS rats (0.25 ± 0.07 
fmol/ng total RNA, n = 8) from TALs of MHS (0.16 ± 0.02 
fmol/ng total RNA, n = 8). 

Similarly, NKCC2 protein abundance, as determined by 
Western blot analysis using outer medulla (Fig. 2, middle) was 
again not significantly different in TAL of MNS animals 
(2.06 ± 0.08, n = 5) compared with TAL of MHS rats (2.19 ± 
0.05, n = 5). 

The results of the competitive PCR reactions for NCC are 
shown in Fig. 2, top. NCC mRNA abundance was significantly 
(P < 0.005) increased in DCT of MHS rats (0.70 ± 0.10 
fmol/ng total RNA, n = 5) compared with DCTs from MNS 
rats (0.32 ± 0.03 fmol/ng total RNA, n = 5). 

Western blot analysis performed on slices from renal cortex 
(Fig. 2, middle) showed that NCC antibody recognized a 
protein with a molecular mass between 116 and 205 kDa. As 
illustrated in Fig. 2, bottom, densitometric analysis demon- 
strated that NCC abundance, normalized for (3-actin, was 
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Fig. 2. Top: mIO ibundam f l\ | dium/h\di i changer ( NI I - in j c inial liibuf dinm-poi ium 2 hlorid i n in i > i U i i NKC( '2) in 

medullar) lliiek ascending limbs of I leidc's loop, and .sodium-chloride- c ill ansporler (\( '(') in distal convoluted tubules (DC i s ) of '-mo-old MNS vs. MHS rats. 
Western blot (W'li) results {iniiUlc) and corresponding protein abundance (holloin) ol NIIK.1 in renal cortex. NK( < 2 in the outer medulla, and NCC in renal 
cortex are shown. ***P < 0.005. 
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siynidcantly (P < 0.001) higher in MHS rats (3.02 ± 0.43, n = 
6) compared with MNS animals (1.99 ± 0.15, n = 6). 

ENaC subunit protein abundance in kidney cortex and outer 
medulla. Western blot analysis performed on slices from renal 
cortex (Fig. 3) showed that a-, (3-, and -y-ENaC antibodies 
recognized proteins with molecular masses between 66 and 
116 kDa. As illustrated in Fig. 3, top, densitometric analysis 
demonstrated that a-ENaC abundance, normalized for |3-actin, 
was not different in MNS rats (0.88 ± 0.04, n = 5) from MNS 
animals (0.87 ± 0.03, n = 5). Similarly, (3-ENaC remained 
unchanged (1.44 ± 0.01, n = 5, in MNS and 1.35 ± 0.03, n = 
5, in MHS) (Fig. 3, middle). The same was observed for 
7-ENaC (0.79 ± 0.02, n = 5, in MNS and 0.81 ± 0.05, n = 
5, in MHS) (Fig. 3, bottom). 

Similar results were obtained in the inner stripe of the outer 
medulla (Fig. 3), where a-ENaC abundance was modestly 
reduced (0.98 ± 0.04) (n = 5) in MHS compared with 1.17 ± 
0.02 (n = 5) in MNS animals (P < 0.05) (Fig. 3, top). Also, 
(3-ENaC was slightly reduced (P < 0.05) in MHS (0.62 ± 
0.01, n = 5) vs. MNS animals (0.69 ± 0.02, n = 5) (Fig. 3, 
middle). 7-ENaC was unchanged: 0.52 ± 0.03 (n = 5) in MNS 
vs. 0.50 ± 0.03 (n = 5) in MHS (Fig. 3, bottom). 

Immunocytochemistry ofNCC. Figure 4 shows NCC immu- 
nofluorescence staining of tissue sections. Immunofluorescent 
staining is much stronger in the renal cortex of hypertensive 
than in normotensive rats. High magnifications (Fig. 4, bottom) 



reveal that both groups of rats exhibit apical localization of 
NCC in the DCTs. These results confirm and reinforce the 
competitive PCR and the Western blot data, indicating that 
NCC, in MHS, may be implicated in increased salt reabsorp- 
tion. 

Pendrin protein abundance. Western blot analysis per- 
formed on slices from renal cortex (Fig. 5) showed that pendrin 
antibodies recognized a protein with a molecular mass around 
120 kDa. As illustrated in Fig. 5, densitometric analysis dem- 
onstrated that pendrin abundance, normalized for (3-actin, re- 
mained unchanged in MHS rats (0.59 ± 0.1, n = 5) compared 
with that in MNS animals (0.68 ± 0.1, n = 5). 

CIC-K protein abundance. The main route for CP exit at the 
level of the DTs is through CIC-K. To explore, whether the 
enhanced expression of the CI entry mechanism NCC in 
MHS animals is paralleled by a similar increase of the CI" exit 
mechanism CIC-K, we performed Western blot experiments to 
measure the protein abundance of CIC-K. The results are 
reported in Fig. 6. CIC-K protein abundance in kidney cortex, 
normalized for |3-actin, was significantly (P < 0.005) increased 
in MHS animals (1.09 ± 0.06, n = 5) compared with MNS rats 
(0.85 ± 0.07, n = 5). 

Chloride channel activity recorded by patch-clamp experi- 
ments. To characterize chloride channels of DCT cells and to 
evaluate the contribution of the CIC-K and its possible func- 
tional modifications, DCT cells were taken into primary culture 
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Fig. 4. Detection of thiazide-sensitive NCC in kidneys of MNS (left) and MI IS 
{right) rai.s (representative picture of a single experiment, n = 5). Immuno- 
lluoreseeiil staining is much stronger in the renal cortex of MHS than in MNS 
rats. High magnifications (bottom) reveal that both groups of rats exhibit apical 
localization of NCC in the DCTs. Immunofluorescence on cryosections of 
phosphonolormic acid-fixed kidneys using previously characterized, ai'ttnity- 
purified antibodies against NCC is shown. Bars —50 ^m. 

and used for electrophysiological measurements. DCT speci- 
ficity of the cultured cells was assessed by immunocytochem- 
ical experiments, in which NCC expression was confirmed 
(data not shown). NCC distribution on the whole cell surface is 
in agreement with the loss of polarity of used cells. The 
specificity of the immunocytochemical procedure was vali- 
dated by negative controls on TA1. cultured cells. By means of 
patch clamp in the cell-attached configuration, a channel show- 
ing outward rectification and single channel conductance (G) 
of 30.3 ± 4.3 pS at +65 mV and 15.5 ± 3.5 pS at -135 mV 
(n = 7) was detected in 24% of total seals obtained in cultured 
DCT MNS cells (Fig. 7, A and B). The channel open proba- 
bility (Po) was significantly reduced at hyperpolarized volt- 
ages, and it was 0.63 ± 0.07 and 0.18 ± 0.08 (n = 7) at +65 
mV and —135 mV, respectively (P < 0.01, one-way 
ANOVA). The current reversal potential was —44.6 ± 5.9 mV 
(n = 7), well in agreement with the one expected for a chloride 
channel. Calculated chloride intracellular activity was —20 
mM, as previously reported in kidney epithelial cells (15). In 
MHS cells, channel rectification, G (G + 65 mV = 27.0 ± 1.7 
pS, G - 135 mV = 13.9 ± 2.1 pS; n = 11), reversal potential 
(-58.1 ± 4.4 mV; n = 11), and Po (0.52 ± 0.09 and 0.06 ± 
0.04 at +65 and —135 mV correspondingly) were similar to 
the respective values in MNS isolated DCT cells (Fig. 7C). The 
channel density (d) (number of active channels in a patch) and 
activity (calculated as d*Po) were, however, significantly 
higher in MHS compared with MNS DCT isolated cells (d was 
0.60 ± 0.21, n = 35, in MNS rats and 2.17 ± 0.59, n = 23, in 
MHS rats with aP < 0.05 comparing the two groups by means 
of the Student's f-test; Fig. 7, D and E). 



Crude membrane extracts from DCT kidney cells were 
analyzed by SDS-PAGE and Western blotting and displayed 
two bands in the size range 70-110 kDa (Fig. IF). Densito- 
metric analysis of Western blot experiments was performed on 
the 110-kDa fully glycosylated functional cell membrane pro- 
tein. In MHS protein preparations, a significant (P < 0.01, 
Student's f-test) increase in glycosylated channel expression 
(d = 30.9 ± 4.2, n = 7, in MNS rats, and d = 69.1 ± 4.3 in 
MHS rats; Fig. 1G) was observed in agreement with the higher 
channel density and activity observed in patch-clamp experi- 
ments. 

The biophysical characteristics of the MNS and MHS DCT 
channel resembled those of the C1C-K observed in distal 
nephron (22). Furthermore, analysis of current traces suggests 
an apparent channel "double -pore behavior" in which activity 
bursts, during which the channel opened to two equidistant 
current levels, are separated by relatively long closures (i.e., 
indicated in Fig. 8A by an arrow), and synchronous opening 
and closing events (asterisks in Fig. 8A) were often present. As 
values of calculated probability supposing the presence of 
independent channels differed from the experimentally ob- 
tained values, we could assume a pore cooperative behavior. 
To further characterize channel properties, we performed 
patch-clamp experiments in inside-out configuration in the 
presence of symmetric chloride solutions. The channel show eel 
an outward rectification (G + 75 mV = 31.8 ± 9.7 pS, G - 
65 mV = 16.7 ± 4.6 pS; n = 4) and lack of Po inactivation that 
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Fig. 5. Pendrin expression in the renal cortex of kidneys from 3-mo-old MNS 
and MHS animals, as detected by WB (n = 5). 
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Fig. 6. Kidney-specific chloride channel (C1C-K) protein abundance in the 
renal cortex ofkidneys from 3-mo-old MNS and MHS animals, as detected b\ 
WB (n = 5). ***P < 0.005. 



was —0.4 over the whole range of potentials tested (Fig. 8, 
D-F), as previously observed. 

Chloride channels studied by immunofluorescence and 
Western blot methods. The presence of C1C-K in cultured DCT 
cells was further confirmed by means of immunocytochemical 
and Western blot experiments. Primary antibody specificity 
was proven by Western blots and as a negative control in 
WI-26VA4 pulmonary cells (data not shown). Secondary an- 
tibody specificity was verified by signal deficiency on DCT cell 
not exposed to the primary C1C-K antibody (data not shown). 

DISCUSSION 

Previously, our laboratory demonstrated that the induction 
of the hypertensive process in MHS rats is coupled to the 
upregulation of the NKCC2 along the TAL (9). In the present 
study, we investigated the luminal transport proteins that sus- 
tain hypertension after adolescence in these rats. First of all, we 
confirmed that MHS animals were hypertensive, and this was 
associated with increased aldosterone plasma levels, un- 
changed GFR, plasma sodium, and potassium (5). 

NHE3 mRNA and protein abundance in PTs. Determination 
of NHE3 mRNA and protein abundance in renal PTs isolated 
from 3-mo-old MHS and age-matched MNS rats revealed that 
NHE3 transcript and protein abundance are not significantly 
different in the two strains of rats, thus indicating that the 
modulation of NHE3 expression does not seem to be involved 
in the maintenance of hypertension in the MHS animals. These 
results are in seeming contrast to a previous report demonstrat- 
ing that Na + /H + exchanger activity is increased in MHS 



compared with MNS (18). However, it cannot be excluded that 
the contribution of the NHE3 gene to the MHS hypertension is 
mediated by its increased activity, not necessarily associated 
with an overexpression. 

Although NHE3 is not the major sodium transport along the 
TAL, we have also checked NHE3 mRNA expression and 
protein abundance in this segment. No difference was found 
between the two strain of rats. 

NKCC2 mRNA and protein abundance along the TAL. 
NKCC2 gene expression in the TAL is unchanged both at 
mRNA and protein level in MHS compared with MNS rats. 
These results are completely different from what our laboratory 
found in 3-wk-old MHS animals, where a substantial and 
significant increase in the NKCC2 has been detected (9). It is, 
therefore, justified to postulate that, in older animals, NKCC2 
gene expression normalizes, whereas it is upregulated during 
the first weeks of life. 

NCC expression and activity in the DCT. One major new 
finding of the present shidy is the identification of the thiazide- 
sensitive NCC as a potential player in the maintenance of this 
form of salt-sensitive hypertension. Indeed, as shown in Fig. 3, 
NCC gene expression in the DT is significantly enhanced both 
at mRNA and protein level in MHS rats. These results are fully 
supported by the immunocytochemistry studies (Fig. 6), show- 
ing much stronger staining of NCC antibodies on the apical 
membranes of DCT of MHS rats. Finally, the larger sensitivity 
to thiazide diuretic of the same strain of animals (Fig. 7) 
indicates that, not only the expression, but also the NCC 
activity, is upregulated in the hypertensive rats. The strong 
stimulation of the NCC could potentially contribute to the 
significant rise in blood pressure. Several lines of evidence 
support this hypothesis: 7) the DT is an important site of Na + 
transport; actually, roughly 7-10% of the filtered Na + load is 
normally reabsorbed at this level; 2) apical Na + entry in the 
early part of the DT is mainly mediated by the thiazide- 
sensitive NCC (26), as demonstrated by the significant natri- 
uresis associated with the use of thiazide diuretics; 3) patients 
carrying a mutation with a loss of function of the NCC gene 
(Gitelman syndrome) are characterized by orthostatic hypoten- 
sion (8), while patients with PHA II, associated with a func- 
tional activation of the NCC, are hypertensive (28); 4) (kiting 
aldosterone escape, NCC is downregulated, suggesting that 
natriuresis is restored by high blood pressure through the 
cotransporter, despite the continuous presence of a high con- 
centration of aldosterone (47); and 5) finally and most impor- 
tantly, patients with salt-sensitive hypertension and carrying 
a-adducin polymorphism are exquisitely sensitive to hydroclo- 
rotiazide treatment (38). Taken together, these physiological, 
pharmacological, molecular, and clinical data all indicate that 
NCC is implicated in primary hypertension. In contrast with 
the hyperkalemia found in patients with PHA II, plasma 
potassium is normal in the MHS rats (Fig. 1, top). The lack of 
high plasma K + may be related to the larger urine flow rate of 
MHS compared with the MNS (data not shown). This is an 
important observation, since we know that K + excretion rate is 
mainly flow dependent (eventually mediated by the maxi-K 
channels). Therefore, it is entirely possible that hyperkalemia 
does not develop due to the activation of the flow-dependent 
K + secretion pathway. Indeed, when we measured 24-h K + 
excretion rate, we found that it was significantly increased in 
MHS compared with MNS (data not shown). 
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Fig. 7. Chloride channels in MNS and MHS DCT cells. 
A: single-channel current traces of the 30 pS Cl~ chan- 
nel recorded at positive or negative potentials. 0 is the 
closed channel level. B: single-channel current-voltage 
(I-V) relationships for the channel in MNS-isolatcd 
DCT cells (n = 7). C: I-V curve for the same channel 
observed in MHS cells (n = 1 1). D: channel density in 
MNS (n = 32) and MHS in = 21) DCT cells (d = 
channel density, n = number of seals). **P < 0.01. 
E: channel activity in MNS (n = 32) and MHS (n = 
21). Po, open probability. F: WB analysis of C1C-K 
expression in DCT (lane A = MNS and lane B = MHS) 
cells. G: densitometric analysis of WB experiments 
(n = 7). Histograms represent the mean band intensity 
(arbitrary units) of 7 different membrane preparations. 
**P < 0.01. 
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NCC and aldosterone. Several hypotheses may be advanced 
to identify the mechanism(s) responsible for the reported in- 
crease in NCC transcription and abundance, but the findings 
that, in adult MI IS animals, plasma aldosterone is significantly 
elevated (Fig. 1, top) may indicate that aldosterone is impli- 



regulated by aldosterone plasma levels. Indeed, by free-flow 
micropuncture studies, Hierholzer et al. (19) demonstrated that 
Na + reabsorption was largely impaired along the DCT of 
adrenelectomized rats and was restored by aldosterone admin- 
istration, a finding that was later confirmed by other investi- 



cated. Many observations demonstrate that the NCC can be gators using in vivo inicroperfusion of rat DT (41, 44). More- 
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Fig. 8. Single-channel properties of the Cl('-K-like 
channel in MNS DCT cells both in cell-attached (A-C) 
and in inside-oul (/) (',) configuration. .\: single-chan- 
nel irace al +45 mV, I'he arrow indicates a common 
closure separating burst of channel activity. Asterisks 
indicate nearly simultaneous opening and closing. I'he 0 
corresponds to closed-channel level. B: all point ampli- 
tude histograms of currents showed in .\. I'he distribu- 
tion was fitted by a sum of three Gaussian ctirxes. 
C: bar's indicate the l'o for one closed (0) and two open 
(1. 2) levels, obtained from the Gaussian fit; solid 
circles indicated the calculated Po, assuming the pres- 
ence of two independent channels, each with l'o = 0.44. 
D: current traces registered at positive and negative 
membrane potentials as reported. The 0 corresponds to 
closed-channel level. E: single-channel / I' relationships 
(n = 4) recorded at the presence of symmetric chloride 
solutions. F: Po-V relationship for this channel in in- 
side-out condition. A slight but not significant decrease 
of channel Po could be observed at hyperpolarized 
voltages. G: representative current trace showing how 
exposition to the same bath symmetric solution with 
acid (pll 6) pi I induced a reduction in channel Po. 
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over, aldosterone has been shown to increase both [ 3 H]meto- 
lazone binding in membrane fractions from renal cortex (14) 
and NCC abundance measured by immunoblotting with spe- 
cific anti-NCC antibodies (25). 

ENaC subunits in the collecting ducts. In the present study, 
we have also examined the expression of ENaC that is the key 
apical Na + channel in the CNT and collecting duct. During 
active sodium absorption, all three subunits are found mostly in 
the apical domain of segment-specific cells, whereas, during 
natriuresis, (3- and -v-ENaC are mainly localized in cytosolic 
vesicles (17). Aldosterone regulates ENaC-dependent Na + 
reabsorption by changing the expression and subcellular local- 
ization of the individual ENaC subunits (12, 30). Our present 
findings indicate that, in the outer medulla of MHS kidneys, 
there is a modest, although significant, downregulation of the 
a- and (3-subunits, whereas the 7-subunit was not affected. A 
possible explanation may be related to the reduced Na + load 
that reaches this segment due to the increased reabsorption 
along the DT, driven by the strong increase in NCC abundance. 
The observation that ENaC are not upregulated (even in the 
presence of high aldosterone) is not surprising, since, in other 
models, like renal outer medullary K channel null mice (a 
model of type II Bartter syndrome), characterized by very high 
plasma aldosterone, there is a very significant stimulation of 
NCC, while the abundance of the a-, (3-, and 7-subunits of 
ENaC is only slightly increased, a finding confirmed by the 
unchanged fractional volume of CNT and collecting duct (C. 
Wagner and J. Loffing, personal communication). 

Pendrin protein abundance. The expression of the chloride/ 
anion exchanger pendrin (SLC26A4) is restricted to the apical 
side of type B intercalated cells in the connecting segment and 
CCD (45). There, pendrin has been implicated in bicarbonate, 
and it has been described that pendrin expression may be 
regulated by urinary chloride excretion, which suggested a role 
in transcellular chloride absorption (35). In particular, pendrin 
expression is reduced when large amounts of chloride are 
delivered to the CNT and CCD and is upregulated during 
chloride depletion. In the present experiments, pendrin abun- 
dance was clearly unchanged, and this has two theoretical 
implications: 1) this protein is not implicated in the mainte- 
nance phase of salt-sensitive hypertension; and 2) high blood 
pressure releases the reported correlation between chloride 
delivery and pendrin abundance. 

Chloride channels. NaCl transepithelial transport requires 
appropriate chloride efflux across the basolateral membrane, 
which, in the distal nephron, is mainly mediated by CIC-Kb 
CI channels (22). Immunocytochemestry, RT PCR, and in 
situ hybridization (33, 43) verified the expression of C1C-K2 in 
the basolateral membrane of T AL, DCT, CNT, and intercalated 
cells. The presence, in primary cultures of DCT isolated cells, 
of a chloride channel whose single-channel biophysical char- 
acteristics (current-voltage relationship, G, "double-channel 
behavior", voltage dependence and independence of Po in 
cell-attached and inside out, respectively) resemble those of the 
CIC-Kb observed in the distal nephron (34, 46), is, therefore, 
well in agreement with the known renal localization of this 
channel. 

The importance of C1C-K2 in NaCl reabsorption is sup- 
ported by the observation that loss of function mutations of 
CIC-Kb (the human ortholog of rodent C1C-K2) has been 
demonstrated in a variant of the Bartter syndrome (40), while 



a gain of function mutation of the same channel has been found 
to be related to human hypertension (21). In addition, it has 
been recently shown that salt-sensitive hypertension may be 
associated with chloride channel polymorphism (2). 

Therefore, our observation of a significant increase in active 
channel density, but not of other channel biophysical charac- 
teristics, in DCT cells of MHS rats is well in agreement with 
the possibility of an increased transepithelial NaCl flux during 
the maintenance phase of hypertension. The observed increase 
of active channel density could be related to a higher C1C-K 
protein expression in the membrane, as suggested by Western 
blot experiments. Preliminary patch-clamp data (not reported) 
allowed us to establish that, in TAL-isolated cells, C1C-K 
biophysical characteristic, density, and activity were the same 
in both MHS and MNS rats. Even if other distal nephron 
segments remain to be analyzed, these preliminary results 
imply that the density of active C1C-K could increase only in 
some nephron distal sites. 

Conclusions. We have found that, in adult MHS animals 
characterized by salt-sensitive hypertension, the expression 
and abundance of NHE3 and NKCC2, measured along the PT 
and the TAL, are not different, while the NCC, expressed along 
the cortical DT, is upregulated, probably due to higher plasma 
aldosterone level. 

These last results have been confirmed by clearance exper- 
iments demonstrating a larger sensitivity to BTZ in MHS 
animals, and by immunocytochemical studies showing in- 
creased NCC on the apical membrane of DCT cells of the same 
animals. 

The increased entry step for NaCl is matched by a similar 
upregulation of the chloride conductive pathway, i.e., C1C-K. 
Finally, in the collecting ducts, there is a modest downregula- 
tion of the gene expression and protein abundance of a- and 
P-ENaC. Therefore, the combined upregulation of NCC and 
C1C-K along the DT may explain the increase in systemic 
blood pressure through their action on salt reabsorption that is 
only partially offset by the downregulation of ENaC (a- and 
(3 -subunits). 
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